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,QWURGXFWLRQ
'DWDFRQFHUQLQJROLYHNHUQHOJDVLILFDWLRQDUHVFDUFHLQWKHVFLHQWLILFOLWHUDWXUHDQGDOPRVWDOOVWXGLHVIRU
ROLYH NHUQHO WKHUPR FKHPLFDO FRQYHUVLRQ DUH UHSRUWHG E\ UHVHDUFKHUV IURP WKH 0HGLWHUUDQHDQ ,Q
0HGLWHUUDQHDQ FRXQWULHV ROLYH RLO SURGXFWLRQ LV DQ DJULFXOWXUDO DFWLYLW\ RI JUHDW LPSRUWDQFH SURGXFLQJ
DQQXDOO\ODUJHDPRXQWVRIROLYHNHUQHODVDYDOXDEOHE\SURGXFW6SDLQ*UHHFH,WDO\DQG7XQLVLDUHSUHVHQW
 RI WKH ROLYH WUHH FXOWLYDWLRQ DUHD  RI WKH ROLYH WUHHV LQ SURGXFWLRQ DQG  RI WKH ROLYH
SURGXFWLRQZRUOGZLGH >@2Q D JOREDO VFDOH WKH ROLYH RLO SURGXFWLRQ UHDFKHV  WRQV DQQXDOO\
0DLQ VROLG E\SURGXFWV IURP ROLYH RLO SURGXFWLRQ DUH ROLYH NHUQHO DV ZHOO DV ROLYH WUHH SUXQLQJ DQG
KDUYHVW UHVLGXHV &RQYHQWLRQDO FRPEXVWLRQ RI UHVLGXHV IURP ROLYH DQG ROLYH RLO SURGXFWLRQ LV DOUHDG\
DSSOLFDEOH LQ PDQ\ UHJLRQV GXH WR WKH H[WHQGHG ORFDO DJULFXOWXUDO DFWLYLW\ DQG DGGLWLRQDO HQHUJ\
FRQVXPSWLRQGHPDQGV7KHLGHDRIUHSODFLQJWKLVWHFKQRORJ\ZLWKDQHZRQHVXFKDVJDVLILFDWLRQXQGHU
PRUHµHQYLURQPHQWDO IULHQGO\¶WHUPVVHHPVYHU\DWWUDFWLYH0RUHRYHUGLIILFXOWLHVWKDWPDQ\UXUDODUHDV





FRPPRQWDUJHW WKHRSWLPL]DWLRQRISURGXFHUJDVTXDOLW\0DUWLQH]HWDO >@PDGHD UHYLHZRISXEOLVKHG
SDSHUVRQ WKHHIIHFWVRI WKHSDUWLFOHVL]HDQG WKHPRLVWXUHFRQWHQWRIELRPDVVIHHGVWRFNDQG WKHDLUIXHO
UDWLRXVHGLQWKHJDVLILFDWLRQSURFHVVZLWKUHJDUGWRWKHTXDOLW\RIWKHSURGXFHUJDV7KHORZKHDWLQJYDOXH
DQG WKH SURFHVV FROG HIILFLHQF\ IRU D GRZQGUDIW W\SH UHDFWRU ZHUH DURXQG  0-1P DQG 
UHVSHFWLYHO\,QDQRWKHUSDSHU>@ WKHVDPHDXWKRUSUHVHQWHGDQDVVHVVPHQWRIZRRGJDVLILFDWLRQLQD




VWDJH FRQYHQWLRQDO WZRVWDJH DQG DQ LQQRYDWLYH WZR VWDJH DLU DQG SUHPL[HG DLUJDV VXSSO\ DSSURDFK
7KURXJK WKH ODVW DSSURDFK ++9 DQG WDU LPSURYHG XS WR  0-1P DQG GRZQ WR  PJ1P
UHVSHFWLYHO\ 7KHUHIRUH WKLV PHWKRG FDQ ORZHU WDU FRQWHQW VXIILFLHQWO\ WR IHHG WKH JDV GLUHFWO\ WR WKH










+2 LQWR FRPEXVWLEOH FRPSRQHQW OLNH &2+ LQ WKH SURGXFHG JDV DQG WKXV LPSURYHV LWV FDORULILF
YDOXH7KHVWXG\RI6NRXORX HW DO >@SUHVHQWHGD ODERUDWRU\ IL[HGEHGJDVLILFDWLRQRIROLYHNHUQHOVDQG
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7KHSXUSRVHRI WKLVSDSHU LV WRSUHVHQW LQGHWDLO DSURWRW\SHJDVLILFDWLRQ V\VWHPFRXSOHGZLWKDJDV
HQJLQHDQGWRPDNHDILUVWDVVHVVPHQWRILWVRSHUDWLRQLQWHUPVRIJDVFRPSRVLWLRQDQGSUHVVXUHGURS7KH




























9HQWXUL VFUXEEHU DQG D KHDW H[FKDQJHUZLWK FKLOOHU DQG DPLVW HOLPLQDWRU DUH IROORZLQJ ,Q DGGLWLRQ D
SDUDOOHO VHW RI ILQH ILOWHUV DQG D SOHDWHGVDIHW\ ILOWHU FRQWULEXWH PXFK WR WKH FOHDQLQJ SURFHVV RI WKH
ǻ31
ǻ3*






7KH IHHG VKHOO VWRUHV ELRPDVV LQ DLU WLJKW FRPSDUWPHQW EHIRUH GLVFKDUJLQJ LW LQWR WKH KRSSHU RI WKH




FRPEXVWLRQ ,W KDVSQHXPDWLFPDQXDO DLU QR]]OHV IRU LQMHFWLRQRI DLU LQWR FRPEXVWLRQ ]RQH7ZRZRRG
OHYHOVHQVRUVDUHSURYLGHGWRJLYHVLJQDOVIRUFRQWUROOLQJELRPDVVIHHGDVZHOODVVDIHVKXWGRZQRIWKH
JDVLILHUV\VWHP7KHUH¶VDYLEUDWRUPRWRUIRUXQLIRUPIORZRIELRPDVV$SUHVVXUHSRLQW LVSURYLGHGIRU
UHDGLQJ RI SUHVVXUH GURS DFURVV QR]]OHV ǻ31 WR GHWHUPLQH DLU IORZ $ FRPEXVWLRQ FRQH LV LQVWDOOHG
EHWZHHQWKHKRSSHUDQGWKHUHDFWRU
7KHUHDFWRUSHUIRUPVWKHUHGXFWLRQVWHSDQGWKXVSURGXFWLRQRISURGXFHUJDV,QFDVHRIRXUV\VWHPWKH
UHDFWRU LV ILOOHG ZLWK UHFRPPHQGHG VL]H FKDUFRDO 7KH UHDFWRU WDEOH ZLWK SURSULHWDU\ URWRU KROGV WKH
FKDUFRDOEHGDQGWKHFRPEURWRUKHOSVLQPDLQWDLQLQJDFRQVLVWHQWFKDUFRDOEHGE\UHPRYLQJDVKIURPLW
$SUHVVXUHSRLQWLVSURYLGHGRQWKHUHDFWRU)LJIRUUHDGLQJWKHSUHVVXUHGURSǻ3*XSWRWKHH[LWRI
WKH FKDUFRDO EHG ZKLFK GHWHUPLQHV WKH FKDUFRDO EHG FRQGLWLRQ$ ZDWHU FROXPQPDQRPHWHU SUHVVXUH
WUDQVPLWWHU LV FRQQHFWHG WRPHDVXUH WKHJDVLILHUSUHVVXUHGURSNQRZQDVǻ3*7KHDVK UHPRYDO V\VWHP





7KH KRW JDV FOHDQLQJ DQG FRROLQJ V\VWHP FRQVLVWV RI F\FORQH 9HQWXUL VFUXEEHU ZHW EORZHU KHDW
H[FKDQJHUZLWKFKLOOHUPLVWHOLPLQDWRUILQHILOWHUVDQGSOHDWHGFDUWULGJHILOWHU









:HW EORZHU7KH ZHW EORZHU KHOSV LQ VXFNLQJ RI FRQWUROOHG DPRXQW RI DLU LQWR WKH JDVLILHU IRU
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 +HDW H[FKDQJHU &ROG ZDWHU IURP FKLOOHU LV FLUFXODWHG LQ WKH KHDW H[FKDQJHU DQG SURGXFHU JDV
SDVVHV WKURXJK WKH WXEHV LQ WKHKHDWH[FKDQJHU7KH WHPSHUDWXUHRIFKLOOHGZDWHU VKRXOGEHPDLQWDLQHG
DURXQG&7KHFKLOOHGZDWHUHQWHUV IURP WKHERWWRPRI WKHKHDWH[FKDQJHU FLUFXODWHVDFURVV WKH
WXEHV DQG FRPHV RXW IURP WKH WRS RI WKH KHDW H[FKDQJHU 7KH ZDWHU YDSRXU DQG WUDFHV RI OLJKW WDU
FRQGHQVHJRGRZQWKHERWWRPRIWKHKHDWH[FKDQJHUDQGGUDLQRXWWRWKHFRPERWDQN
&KLOOHU7KHFKLOOHU LVRI757RQQDJH5HIULJHUDWLRQFDSDFLW\KDYLQJZDWHU IORZUDWHRI
PKU 7KHZDWHU LQOHW WHPSHUDWXUH LV & DQGZDWHU RXWOHW WHPSHUDWXUH LV &7KH FKLOOHU LV XVHG WR
FLUFXODWHFKLOOHGZDWHUWRWKHH[WHUQDOMDFNHWRIKHDWH[FKDQJHU7KHFKLOOHGZDWHUIURPFKLOOHURXWOHWLVIHG
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:RUNLQJPRGHRIJDVLILHU
'XULQJ WKHPHDVXUHPHQW WKHJDVLILHUZDVZRUNLQJDW IXOO ORDGZLWKD UDWHGJDV IORZRI1PKU
$FFRUGLQJWRWKHWHFKQLFDOVSHFLILFDWLRQVRIWKHJDVLILHUWKHDYHUDJHJDVFDORULILFYDOXHLV0-1P
$IWHUDQKRXURIRSHUDWLRQWKHVWHDG\VWDWHRIJDVLILHUZDVDFFRPSOLVKHG,QWKLVVWDWHJDVPHDVXUHPHQW






WKHPLOOVGXULQJ WKHROLYHRLO H[WUDFWLRQSURFHVV7KHXOWLPDWHDQGSUR[LPDWHDQDO\VHVFRQGXFWHG LQ WKH
ODERUDWRU\ RI &(57+,6)7$ DUH GHSLFWHG LQ 7DEOH  (DFK DQDO\VLV ZDV FRQGXFWHG IROORZLQJ WKH




3UR[LPDWH $QDO\VLV 5HVXOW 8QLW 0HWKRGRORJ\
0RLVWXUH  DU &(176
9RODWLOHV  GE &(176
$VK  GE &(176
)L[HGFDUERQ  GE )& 9RO$VK
8OWLPDWH DQDO\VLV
&DUERQ  GE &(176
+\GURJHQ  GE &(176
1LWURJHQ  GE &(176
6XOIXU  GE &(176
&KORULQH  GE &(176
2[\JHQ  GE 2 &+16$VK
*URVV+HDWLQJ9DOXH  .FDO.J &(176

0RLVWXUHFRQWHQW$VLPSOLILHGPHWKRGRIGU\LQJLQDIXUQDFHLVXVHGWRGHWHUPLQHWKHPRLVWXUHFRQWHQW






ZHLJKLQJ WKHGLIIHUHQFHV$V IDUDV WKHDVKFRQWHQW WKH VDPSOHVDUH LQWURGXFHG LQWR WKHPXIIOH IXUQDFH
ZKRVHWHPSHUDWXUHLVLQFUHDVHGXSWR&LQFUHDVHRI&PLQ7KHWHPSHUDWXUHLVNHSWIRUPLQ




IURP3HUNLQ(OPHU DQG WKH RSWLRQ RI DQDO\]LQJ WKH&+1 DQG6 HOHPHQWV VLPXOWDQHRXVO\&KORULQH
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&DOLEUDWLRQIRU2ZDVPDGHZLWKDLU:KHQFDOLEUDWLQJIRUR[\JHQWKHDPRXQWRIDUJRQKDVWREHWDNHQ
LQWRDFFRXQW8VXDOO\ WKHFRQFHQWUDWLRQRI$U LQDLU LV6RZHDVVXPHWKDW WKH VHFRQGSHDN LVD
UHSUHVHQWDWLYH DPRXQW RI2 DQG DUJRQ &2ZDV GHWHFWHG LQ FKDQQHO  HTXLSSHGZLWK &33RUD3ORW8
FROXPQZLWK+HDVWKHFDUULHUJDVZKHUHDV&2LVH[WUDFWHGIURPHTXDWLRQ$VIDUDVJDVLPSXULWLHVWKH
FRQWHQW RI WDUV LV EHORZ PJP WKH FRQWHQW RI SDUWLFXODWHPDWWHUV LV EHORZ PJP ZKHUHDV WKH
PRLVWXUHFRQWHQW+2LVDSSUR[LPDWHO\DQGPD[LPXP2FRQWHQWLVOLPLWYDOXHVUHSRUWHGE\
WKH PDQXIDFWXUHU RI WKH JDVLILHU ,Q DGGLWLRQ WKH FRQFHQWUDWLRQ RI KHDYLHU K\GURFDUERQV &[+\ ZDV
DVVXPHGDV]HUR
&2 12$U+&+&2+2     
7KHWRWDOWLPHSHULRGRIHDFKDQDO\VLVLVOHVVWKDQPLQXWHV7KHDYHUDJHUHVXOWVRIWHQJDVVDPSOLQJVDUH




UHFRUGHG PDQXDOO\ DQG DUH SUHVHQWHG LQ )LJ ǻ3* LV LQ WKH UDQJH RI  PP RI ZDWHU FROXPQ












 1 >@ 2 ±$U>@ + >@ &+ >@ &2 >@ &2>@
VWGD\      
$YHUDJH      
56'      
QGGD\      
$YHUDJH      



















































































































2$U+&+&2 DQG &2 UHVXOWLQJ LQ D KLJK KHDWLQJ YDOXH RI
0-1P'XULQJWKHQGGD\WKHDYHUDJHJDVFRPSRVLWLRQZDV12$U+
&+&2DQG&2UHVXOWLQJLQDKLJKKHDWLQJYDOXHRI0-1P,QERWKWZRGD\V
RI PHDVXUHPHQWV JDVLILHU ZDV ZRUNLQJ DW IXOO ORDG SURGXFLQJ D JRRG TXDOLW\ JDV ZLWK DQ HOHFWULF
HIILFLHQF\RI7KHUHVXOWVDUHUHSHDWDEOHDQGJLYHLQIRUPDWLRQDERXWWKHVWHDG\VWDWHRIJDVLILHU7KH
LQLWLDOWHVWVFDUULHGRXWVKRZHGWKDWFRQWLQXRXVRSHUDWLRQRIJDVLILHUZLWKWKLVW\SHRIIXHOFDQEHDFKLHYHG




7KLVZRUNZDVVXSSRUWHG LQSDUWE\3URMHFWHQWLWOHGµµ$GDSWDWLRQRI UHQHZDEOHHQHUJ\VROXWLRQV IRU WKH
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